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Introduction
At present, most lithium-ion batteries on the market still use LiCoO 2 as the cathode material; however, cost and unsatisfactory thermal stability seriously limit its use in electric vehicles [1] [2] [3] . From the viewpoint of environmental friendliness, finding a nonpolluting cathode material with high capacity, good cycling performance, high thermal stability, and low cost has become the keystone in this area of research [4] [5] [6] . The Ni-based ternary cathode material LiNi 1/3 Co 1/3 Mn 1/3 O 2 seems promising for use in applications that require a power supply, e.g., electric vehicles, and has become a particular focus of research due to its high discharge capacity, good thermal stability, and low cost [7] [8] [9] [10] [11] [12] [13] .R e c e n t l y , additional reports on Ni-based multi-doped lithium-ion battery cathode materials have been published. Major synthetic methods include the high-temperature solid-phase method, the sol-gel method, the coprecipitation method [14] [15] [16] , and the molten salt method [17, 18] . The main doping elements for improving thermal characteristics and cycling performance include cobalt, aluminum, manganese, titanium, magnesium, and gallium. Most recently, a new layer structure material, LiNi 1/3 Co 1/3 Al 1/3 O 2 , was successfully synthesized by Lin et al. using the water-in-oil micro-emulsion method [19] . Both thermal stability and cycling performance were improved, and the discharge capacity at high temperatures was better than at room temperature, which is very important for electric vehicles. Unfortunately, that synthesis process is complicated and costly. No other reports on the structure and electrochemical properties of this new material have been found.
Our research team synthesized LiNi 1/3 Co 1/3 Mn 1/3 O 2 and LiNi 0.8 Co 0.2 O 2 with excellent structure and electrochemical properties using eutectic lithium salts (0.38LiOH.H 2 O-0.62LiNO 3 ) mixed with a precursor in a controlled ratio of 1.1:1 Li/(Ni + Co+ Al) . This method enables uniform mixing at the eutectic melting point without any grinding, thereby avoiding a labor-intensive washing process and the waste of eutectic molten salt [17, 18] . Based on our previous work [20] , the cathode material LiNi 1/3 Co 1/3 Al 1/3 O 2 was prepared in the present study via threestage heating temperature sintering using eutectic lithium salts, in which the ratio of Li/(Ni + Co + Al) in the raw material Ni 1/3 Co 1/3 Al 1/3 (OH) 2 and the eutectic molten salt (0.38LiOH.H 2 O-0.62LiNO 3 )w i t ha melting point of 175°C) was controlled at 1.1:1. The LiNi 1/3 Co 1/3 Al 1/3 O 2 powder prepared by this method demonstrated excellent electrochemical performance.
Experimental
The precursor Ni 1/3 Co 1/3 A 1/3 (OH) 2 2 precursor was mixed with eutectic lithium molten salt in a molar ratio of 1:1.1. The mixtures were initially heated to 200°C for 3 h and subsequently sintered in an air atmosphere at 600°C for 5 h and 900°C for 10 h. After heating, the resulting powders were cooled to ambient temperature.
To investigate their crystal structures, powders were analyzed by X-ray diffraction (XRD) using a D8 X diffractometer (Bruker, Germany) employing Cu Kα radiation. The scan data were collected in a 2θ range of 15-70°, with a step size of 0.02°and a counting time of 3 s. The prepared powders were also observed using scanning electron microscopy (SEM) with an SEM-6701 F (JEOL, Japan). The cells were cycled on a Land CT2001A battery tester (Wuhan Jinnuo Electronics Co. Ltd., China).
Coin cells (CR2016) were used to test the electrochemical performance of the samples. Positive electrodes were prepared by mixing the active material, Super S Carbon Black, and polyvinylidene fluoride (PVDF) in a weight ratio of 80:10:10. The solvent N-methyl-2-pyrrolidone (NMP) was added to these active materials, forming a slurry that was then coated on Al foil and dried at 120°C under vacuum for 10 h. The coin cells were assembled in an Ar-filled glove box using metallic Li as the counter electrode, Celgard 2400 as the separator, and 1 mol.L − 1 LiPF 6 as the electrolyte. The cells were then removed from the glove box and connected to a computercontrolled charging system by which they were initially charged and discharged at a C/5 rate of 2.8-4.3 V versus Li metal on a Land CT2001A battery tester at room temperature. Fig. 1 illustrates the XRD patterns of LiNi 1/3 Co 1/3 Al 1/3 O 2 sintered with different lithium salts via three-stage heating temperature control.
Results and discussion

Effects of lithium salts on the crystal structure and morphology of LiNi 1/3 Co 1/3 Al 1/3 O 2
As Fig. 1 shows, sintering different lithium salts had a significant impact on the target structure of the cathode materials. In Fig. 1(a) , the locations of the diffraction peaks perfectly match the standard α-NaFeO 2 layered structure, and there is no obvious miscellaneous peak. Li locates at the 3a position in LiNi 1/3 Co 1/3 Al l/3 O 2 , metal elements Ni, Co, and Al at the 3b position, and oxygen atoms at the 6c position. Given the very similar radii of Ni 2+ (0.069 nm) and Li + (0.067 nm), the Li + and Ni 2+ located at the 3a and 3b positions will constantly be shuffling, leading to a decline in these materials' electrochemical properties [21] . According to the literature, the I(003)/I(104) peak value ratio of a six-layered structure of lithium-oxygen-transition metal oxides in the XRD patterns may reflect the degree of cation order [22] : the larger the ratio of I(003)/I(104), the lower the amount of cation shuffling. If the I(003)/I(104) ratio is below 1.2, the increased cation shuffling will interfere with the lithium ions de-embedding from the material. As indicated in Fig. 1 , the I(003)/I(104) peak intensity ratios of samples A-D are 1.65, 1.64, 1.70, and 1.73, respectively. Apparently, mixed lithium salts are superior to single lithium salts, and a eutectic mixed lithium salt is superior to simple mixed lithium salts. In addition, the splitting observable in the XRD patterns between the (006) and (102) peaks and the (008) peaks enables us to measure the degree to which a layered structure developed: the greater the number of peak splits, the more orderly the layered structure. In Fig. 1(b) and (c), the number of splits between (006)/(102) and (008)/(110) increases gradually from A to D, which indicates that the eutectic mixed lithium salt had a more satisfactory layered structure and better electrochemical performance. The melting point of the eutectic mixed lithium salt 0.38LiOH·H 2 O-0.62LiNO 3 is only 175.7°C, which may be the main reason why it can form a complete layered structure with a high degree of crystallinity and low cation shuffling. When it was sintered in the first phase at 200°C for 3 h, the molten liquid lithium salt could easily permeate and infiltrate to the solid precursor Ni 1/3 Co 1/3 Al 1/3 (OH) 2 particle surface and then inside, resulting in extensive, even mixing and distribution of lithium ions and solid oxide metal ions, which is key for preparing cathode materials with ideal structures. As can be seen in Fig. 2 , samples synthesized using a single lithium salt had larger particle sizes(about 2 μm) and a varied size distribution (about 2-0.2 μm). The sample prepared using a eutectic mixed lithium salt had a more regular particle morphology with a more uniform particle size (about 1-0.5 μm). This is consistent with the XRD results above.
Effects of crystallization temperature on the crystal structure of LiNi 1/3 Co 1/3 Al l/3 O 2
In this study, a three-stage heating temperature sintering process was adopted. The first phase was to melt the eutectic lithium salts above their melting point and evenly mix them with the solid transition metal oxide particles. In the second stage (at a constant temperature of 600°C) the lithium salts and solid oxide reacted to generate LiNi 1/3 Co 1/3 Al l/3 O 2 . According to our previous study, although LiNi 1/3 Co 1/3 Al l/3 O 2 with a certain stoichiometric ratio can be produced in this temperature range, its crystal structure is not completely developed. Further crystallization at a certain temperature is required to adjust the atomic arrangement in the crystal structure. Fig. 3(a) illustrates the XRD patterns of LiNi 1/3 Co 1/3 Al 1/3 O 2 heated at (E) 850°C, (F) 900°C, and (G) 950°C.
It has been demonstrated that crystallization temperature has a significant effect on crystal structure development. The ratios of the characteristic diffraction peaks I(003)/I(104) are 1.43, 1.73, and 1.40 at crystallization temperatures of 850°C, 900°C, and 950°C, respectively. Raising the crystallization temperature to 900°C yielded the highest ratio, indicating the smallest cation shuffling effect and the highest degree of crystallinity. As is evident in the magnified XRD pattern ( Fig. 3(b) ), in all cases there is not much difference in the split level of the (108) and (110) peaks. However, a clear split occurs in the (113) peak when the crystallization temperature is 900°C, indicating that this sample has the most complete layered structure. 
Electrochemical characterization
The electrode was cycled over 2.8-4.3 V at a constant current density of 0.2 mA.cm -2 . The first discharge curves and the discharge curves after 20 cycles of the LiNi 1/3 Co 1/3 Al 1/3 O 2 samples synthesized with different lithium salts are shown in Fig. 4(a) and (b), respectively.
The initial maximum discharge capacities of samples A, B, C, and D were 131.9 mAh.g -1 , 136 mAh.g -1 , 146.2 mAh.g -1 , and 151.5 mAh.g -1 , respectively. The reversible capacities of samples A, B, C, and D after 20 cycles were 109.1 mAh.g -1 (82.7% of the maximum discharge capacity), 117.6 mAh.g -1 (86.4%), 133 mAh.g -1 (90.9%), and 143.2 mAh.g -1 (94.5%), respectively. This result indicates that the eutectic mixture of lithium salts 0.38LiOH • H 2 O-0.62LiNO 3 was superior to both the simple mixture of lithium salts and the single lithium salt, which agrees very well with the XRD analysis. Furthermore, the discharge capacity of LiNi 1/3 Co 1/3 Al l/3 O 2 sintered with the eutectic mixture 0.38LiOH • H 2 O-0.62LiNO 3 exceeded the 130.7 mAh.g -1 capacity reported in the literature [19] , with a higher discharge platform and better cycling performance. Fig. 5 shows the discharge curves, at different discharge rates, of the LiNi 1/3 Co 1/3 Al 1/3 O 2 sample synthesized using eutectic mixed lithium salts (0.38LiOH • H 2 O-0.62LiNO 3 ) and sintered at a crystallization temperature of 900°C.
The test batteries were charged to 4.3 V at a constant current of 0.2 C, then discharged to 2.8 V at constant currents of 0.2 C, 0.5 C, 1 C, and 2 C. The theoretical capacity of the cathode material LiNi 1/3 Co 1/3 Al l/3 O 2 for a lithium-ion battery was calculated to be 205 mAh.g -1 . As indicated in Fig. 5 , the discharge capacities were 151.5 mAh.g -1 , 144.7 mAh.g -1 , 133.7 mAh.g -1 ,a n d1 2 0 . 9m A h . g -1 at the respective discharge rates. Compared with the discharge capacity at 0.2 C, the retention rates at 0.5 C, 1 C, and 2 C were 94.5%, 88.3%, and 79.8%, respectively, indicating improved rate performance. As the discharge rate increased, the downward trend of the material's discharge capacity gradually increased and the discharge platform gradually decreased. This result stemmed primarily from the polarization caused by the high discharge rate. Effective methods of improving the material's magnification performance might be to reduce its average particle size or increase its electrical conductivity. As sample D had best electrochemical properties and an even particle size distribution, we compared its performance at 55°C. Fig. 6 shows the discharge curves of LiNi 1/3 Co 1/3 Al 1/3 O 2 initially and after 20 cycles at room temperature and 55°C, respectively.
The initial discharge capacities at room temperature and 55°C were 151.5 mAh.g -1 and 156.4 mAh.g -1 , respectively. After 20 cycles, the discharge capacity retention rates at room temperature and 55°C were 94.5% and 95.3%, respectively. Clearly, the discharge capacity and capacity retention at 55°C were better than at room temperature when the batteries were cycled between 2.8 V and 4.3 V. Owing to this perfect layer structure, the products by eutectic molten salt are not only beneficial to extraction and insertion of Li + ion but also improve thermal stability of materials. In addition, the discharge curve at 55°C indicates that the discharge platform increased with a longer discharge. This is a very important observation for batteries used in applications such as electric vehicles.
Conclusion
A lithium-ion battery cathode material, LiNi 1/3 Co 1/3 Al 1/3 O 2 , with excellent electrochemical properties was prepared via three-phase temperature sintering (200°C for 3 h, 600°C for 5 h, and 900°C for 10 h) using eutectic lithium salt (0.38LiOH.H 2 O-0.62LiNO 3 ) mixed with the precursor Ni 1/3 Co 1/3 Al 1/3 (OH) 2 . This method is procedurally simple and inexpensive, and the materials can be uniformly mixed at the eutectic melting point without grinding. The synthesized material, LiNi 1/3 Co 1/3 Al 1/3 O 2 , demonstrated better performance than samples synthesized using a single lithium salt (LiOH or LiNO 3 ) or a 1:1 mixture of lithium salts with a typical α-NaFeO 2 layered structure.
The characteristic peak ratio of I(003)/I(104) reached 1.73, indicating high crystallinity and small cationic shuffling. The obvious splits in the characteristic diffraction peak pairs (006)/(102) and (008)/(110) and in the (113) peak demonstrated the material's well-developed layer structure. As a result, the synthesized LiNi 1/3 Co 1/3 Al 1/3 O 2 had an excellent discharge capacity of 151.5 mAh.g -1 (at 0.2 C) for the first cycle and a very fine capacity retention rate of more than 94.5% after 20 cycles at room temperature. The reversible capacity reached 133.7 mAh.g -1 and 120.9 mAh.g -1 at charge-discharge rates of 1 C and 2 C, respectively. At 55°C, the initial capacity of the material was 154.9 mAh.g -1 (at 0.2 C) with a capacity retention rate more than 95.3% after 20 cycles, which was better than at room temperature. These results show that the material has good discharge performance, cycling reversibility, and rate performance, making it promising for future lithium-ion battery applications. 
